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INTRODUCTION

Cells interact with their environment in various ways. They
secrete a great variety of molecules to modify their environ-
ment, to protect themselves by some type of extracellular ma-
trix or cell wall, or to interact with other cells. Whereas smaller
molecules are usually transported across the plasma mem-
brane by carriers located within the membrane, the majority of
secreted proteins and polysaccharides in eukaryotes are re-
leased into the medium by exocytosis. In prokaryotes, secretion
of proteins is directly mediated by the plasma membrane via
either signal-recognition-particle-dependent translocation
which is homologous to protein translocation into the endo-
plasmic reticulum (ER) in eukaryotic cells (331) or the pro-

karyote-specific sec system (277). In contrast, eukaryotic cells
have evolved a complex secretory pathway, consisting of sev-
eral membrane-bound compartments which contain different
sets of proteins (endoplasmic reticulum, Golgi apparatus,
vacuoles, vesicles, collectively termed the endomembrane sys-
tem) (Fig. 1). Upon insertion into the endoplasmic reticulum,
proteins travel through this membrane system to reach subse-
quent compartments and their final destination. At various
steps, carbohydrates and lipids enter this pathway. The secre-
tory pathway (anterograde or biosynthetic pathway) is coun-
tered by an endocytotic pathway (retrograde pathway) origi-
nating at the plasma membrane, with the major destination
being lysosomes (or vacuoles). The two pathways are intercon-
nected by crossroads at various steps. Thus, eukaryotic cells
have evolved a complex intracellular traffic system, in which
vesicular shuttles are believed to be the major transport vehi-
cles.
New experimental strategies involving mainly the mamma-

lian or yeast system have led to the discovery of several pro-
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teins involved in the function of this complex traffic system.
The use of a large number of mutants with mutations of intra-
cellular traffic in Saccharomyces cerevisiae, the development of
in vitro assays for individual transport steps, and the isolation
of vesicular intermediates have led to the identification of
proteins involved in the secretory pathway, and every month
new proteins are added (see the Guidebook to the Secretory

Pathway [267] for the currently most complete list of proteins).
Some general principles of the secretory (and endocytotic)
pathway have become clear (recently summarized in reference
268). Most components of the secretory pathway are conserved
between yeast and mammalian cells, and many reviews have
summarized these results (see, e.g., references 9, 67, 157, 169,
227, 267, 268, 300, and 303). However, considering the evolu-

FIG. 1. Schematic representation of the endomembrane system of a mammalian cell. IC, intermediate compartment; NDPases nucleotide diphosphatases; TGN
trans-Golgi network; SV secretory vesicle; rabs, G-proteins belonging to the ras-superfamily first detected in rat brain; sec, yeast secretion genes; TGN38/41, resident
trans-Golgi network proteins of 38 and 41 kDa, respectively; ERGIC53, 53-kDa protein of the ER Golgi intermediate compartment; BiP, binding protein (ER protein
of the 70-kDa heat shock protein family); PDI, protein disulfide isomerase. See the text for details.

FIG. 2. Evolution of eukaryotes as deduced from complete 18S rRNA sequences. In this unrooted distance matrix tree, the evolutionary distance between the
various groups is represented by the length of the branches. Modified from reference 286.
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tionary relationships between eukaryotes (Fig. 2), this is not a
real surprise. In the phylogenetic tree of life as based on
small-subunit rRNA sequence comparisons, fungi and animals
evolved late and are presumably sister groups (294). Whether
the structure and function of the endomembrane system are
conserved in lower eukaryotes (protists) is less well known,
although many lower eukaryotes offer unique model systems to
study the secretory pathway. Several reviews on specialized
aspects of the secretory pathway of protists are available (see,
e.g., references 250 and 326), but a comparison of these “sim-
pler” systems with each other and with the mammalian or yeast
system is still lacking. Such a comparison should help to iden-
tify conserved or derived elements of the secretory pathway
and to understand the complex evolutionary history of intra-
cellular traffic.
In this review, we will briefly summarize the principal as-

pects of the mammalian and yeast secretory system and then
concentrate on five groups of protists, which represent major
lines of eukaryotic cell evolution. We consider first the diplo-
and trichomonads (two of the earliest lines of eukaryotic cell
evolution [Fig. 2]), then the kinetoplastids, the slime mold
Dictyostelium, and finally two lineages within the “crown” of
eukaryote cell evolution, alveolates (ciliates and apicomplex-
ans) and green algae. For comparison and as an introduction
to the secretory pathway, the mammalian and yeast system will
be discussed first. Finally, we present a hypothesis of how such
a complex system of intracellular traffic might have evolved.

MAMMALIAN AND YEAST SYSTEM

Spatial Organization

A schematic representation of the spatial organization of the
secretory and endocytotic pathway in a mammalian cell is
shown in Fig. 1. Proteins are directed into the secretory path-
way by an amino-terminal leader sequence (signal peptide)
which is recognized by the signal recognition particle. After
binding of the signal recognition particle-ribosome complex to
the ER membrane, translation continues and the nascent
polypeptide is cotranslationally translocated through the mem-
brane (291), a process which we will not discuss further in this
review because only few comparative data exist for protists. In
the lumen of the ER, a specific endoprotease removes the
signal peptide, and protein assembly (folding and formation of
disulfide bridges) and core N glycosylation take place (125).
After assembly, proteins leave the ER in vesicles and are trans-
ported to the Golgi apparatus (GA), where further modifica-
tion (N-linked glycan processing, O glycosylation, phosphory-
lation, sulfation, and proteolytic cleavage) and sorting of
proteins to their various destinations occur (110). Whether exit
from the ER is by simple bulk flow or requires positive sorting
information is presently controversial (13, 139, 292). The GA
in mammalian cells comprises several stacks of three to five
cisternae each, cisternae of different stacks being intercon-
nected by membranous tubules (257). On the basis of immu-
nolocalization of resident Golgi proteins, three different sub-
compartments (cis 5 forming face, medial and trans 5
secretory face) were proposed (94, 266). However, the discov-
ery of the trans-Golgi network, the cis-Golgi network, which
might be identical to the later-proposed intermediate compart-
ment, and the overlapping distribution of enzymes of different
subcompartments (see, e.g., references 224, 255, and 321) have
caused confusion about the exact number of subcompartments
and the boundary between the well-defined ER and the GA
(141). Rothman and Orci (269), for example, suggested that
the GA comprises all subcompartments in the secretory path-

way between the ER and the plasma membrane (PM). Krijnse-
Locker et al., however, recently proposed (170) that a true GA
starts where the first enzymes of N-glycosidic carbohydrate
processing (a typical Golgi event) can be detected. Using a
mouse hepatitis virus system, these authors detected such en-
zymes from the second cis-most GA cisterna onwards. Thus, in
their opinion, the first cisterna is part of the intermediate
compartment and does not belong to the GA.
At the trans side of the GA, products are transported in

different types of vesicles to the lysosomes (clathrin coated [67,
169]) or to the plasma membrane (probably involving the
newly discovered lace-like coated vesicles [178]).
The secretory pathway in yeasts comprises basically the same

components as in mammalian cells. However, in Saccharomy-
ces cerevisiae (as in other true fungi [158]), no stacks of GA
cisternae are observed but, instead, the Golgi apparatus con-
sists of several discrete tubular elements, which are dispersed
throughout the cytoplasm (258, 259). Therefore, the number of
subcompartments cannot be easily analyzed by immunolocal-
ization and is therefore based mainly on transport assays with
mutants (see, e.g., references 136 and 322).

Functional Organization

Vesicles are generally assumed to be the transport vehicles
for macromolecules between the different compartments of the
endomembrane system. They are formed as coated vesicles,
which can fuse with their target membrane after removal of the
protein coat (Fig. 3) (summarized in reference 268). The lo-
calization of the various types of coats in the secretory pathway
is indicated in Fig. 1.
An in vitro intra-Golgi transport assay (12) was used to find

the first non-clathrin-coated vesicle type (now called COPI-
coated vesicles). Further work suggested that this vesicle type
is involved in anterograde and retrograde transport between
the ER and Golgi and between different Golgi subcompart-
ments (summarized in reference 268). Recently, a different
type of coated vesicle (COPII) which is involved in ER-to-
Golgi transport was discovered (summarized in reference 273),
and the role of COPI in anterograde transport has been ques-
tioned (24; see references 10, 245, and 273 for detailed discus-
sions). Transport from the GA to the various destinations
occurs by clathrin-coated vesicles (242) or lace-like-coated ves-
icles (178).
Formation of vesicles. The formation of Golgi-derived

coated vesicles (COPI) in vitro depends on the presence of
seven “coat” proteins (which together form a high-molecular-
weight complex called coatomer), adenosyl-ribosylation factor
(ARF), and ATP (Fig. 3) (232, 233). Sequence information has
been obtained for six of the seven different COP proteins (see
reference 273 for a summary), and the homologous proteins of
S. cerevisiae are known for several COP proteins (273). Binding
of COP proteins to the membrane and vesicle formation are
regulated by the GTP-binding protein ARF (280, 305). Again,
ARF-homologous proteins were found in S. cerevisiae (166).
ARF is present in a membrane-bound form and a cytosolic
form. After exchange of GDP with GTP, ARF associates with
the membrane and induces vesicle formation (151). The ARF-
specific GDP-GTP exchange protein is presumably the target
of brefeldin A, a fungal toxin which blocks secretion (91, 152,
234). Vesicle budding is regulated by the modulation of ARF
activity, involving trimeric G-proteins (92) and protein kinase
C (74). Budding of clathrin- or COPII-coated vesicles is similar
to the formation of COPI-coated vesicles (273, 298, 312). A
GTP-binding protein is always involved and induces the bind-
ing of the protein coat to the membrane.
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Fusion of vesicles. After vesicles have been formed, they are
transported to the target membrane, a process which at least in
some cases involves active transport on cytoskeletal elements
by using motor proteins like kinesin, cytoplasmic dynein, or
myosin (summarized in references 5 and 61). Prior to fusion,
vesicles are uncoated, which is probably induced by hydrolysis
of GTP in ARF. Also, other protein factors, such as hsp70 and
auxilin in the case of clathrin-coated vesicles, can be involved
(317). After docking of the vesicles at the target membrane, a
fusion complex is formed, which initiates membrane fusion by
using ATP and acyl coenzyme A (268). The fusion complex
consists of the N-ethylmaleimide-sensitive fusion (NSF) pro-
tein (28, 199, 330), soluble NSF attachment proteins (SNAPs)
(132), and membrane proteins called SNAP receptors
(SNAREs) (295). According to a widely accepted hypothesis,
NSF and SNAPs function as general membrane traffic factors
(although their exact role in the fusion process is still unclear

[reviewed in reference 328]), whereas the specificity of vesicle
targeting depends on the SNAREs (Fig. 3) (the SNARE hy-
pothesis is discussed in reference 295). A central postulate of
the SNARE hypothesis is the presence of vesicular membrane
proteins (v-SNAREs) that interact with corresponding mem-
brane proteins on the target membrane (t-SNAREs) (30, 268,
295, 300, 303). So far, v- and t-SNAREs have been identified
for ER-to-GA transport in yeasts (30), retrograde intra-Golgi
transport in yeasts (15) and Golgi-to-plasma membrane trans-
port in yeast and mammalian cells (30, 114) (Fig. 3). The fusion
process is regulated by various proteins including small G-
proteins of the rab family (30).
Recent results indicate that not all membrane fusion events

(e.g., apical transport in mammalian epithelia) depend on rab-
NSF-SNAP-SNARE-mediated membrane fusion (162). An
NSF-related ATPase (p97) has been shown to be involved in
some NSF-independent membrane fusion events (181, 256).

FIG. 3. Outline of a vesicular transport step between different compartments. Coat assembly is dependent on a small GTP-binding protein like ARF or SAR
(secretion-associated and ras-superfamily-related gene 1), which initiates vesicle budding. The assembled coated vesicle includes a compartment-specific v-SNARE
(vesicular SNARE). After uncoating, the v-SNARE interacts specifically with a target membrane-specific t-SNARE (target SNARE) and both with additional cytosolic
factors to form a fusion complex, which initiates membrane fusion. For references to the various factors, see the text.
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Role of G-proteins. G-proteins are believed to regulate the
secretory pathway (210, 247). They include proteins of the ras
superfamily (ARF and rab proteins) as well as trimeric G-
proteins. The best-characterized family of G-proteins are the
rab proteins, with of about 30 members (227). The different rab
proteins are specifically associated with certain membranes of
the endomembrane system (Fig. 1) (57). Binding of rab pro-
teins to the membrane is mediated by isoprenoids covalently
bound to the protein. Isoprenoids are added by specific iso-
prenyltransferases, and the hypervariable C-terminal domain
of the rab proteins is responsible for specific membrane rec-
ognition (31, 56). Every G-protein has its own set of activating,
inhibiting, or nucleotide exchange-stimulating factors, and the
first proteins acting on rab proteins have already been charac-
terized (e.g., rab GDP dissociation inhibitor [100, 316; for
reviews, see references 33 and 334). rab proteins cycle between
a membrane-attached and a cytosolic form. Detachment of rab
proteins from membranes involves binding to a protein called
guanosine diphosphate dissociation inhibitor (334). It has been
proposed that detachment of rab proteins from the membrane
(i.e., cycling between a membrane-bound and cytosolic form) is
required for proper function of vesicular protein transport.
However, recent results on Ypt1 and Sec4 proteins (rab ho-
mologs of S. cerevisiae) indicate that detachment of rab pro-
teins is not required for their function (238).
Other components needed for vesicular transport in the

endomembrane system include calcium ions and protein phos-
phatases (27, 71).
Protein targeting. It is generally believed that proteins con-

taining no targeting signal in their sequence follow the default
pathway, which in mammalian cells leads to secretion of pro-
teins. Retention in (or targeting to) a certain organelle re-
quires positive sorting information in proteins. The best-ana-
lyzed organelle in this respect is the ER. In yeast and in
mammalian cells, retention is based mainly on retrieval of
resident ER proteins from the GA back to the ER (237).
However, for some proteins such as calreticulin, a retention
mechanism also contributes to ER localization (296). Several
amino acid motifs allowing the retrieval of proteins have been
identified (e.g., KDEL, KXKXX, or KKXX in the one-letter
code for amino acids, where X is any amino acid [see reference
245 for a summary]). Recently, another tyrosine-containing
motif, similar to the clathrin-dependent endocytosis signal, was
found (200). ER proteins are retrieved from the GA within
COPI-coated vesicles (187). Retention of luminal ER-proteins
is mediated by a receptor-based salvage mechanism, whereby
KDEL-bearing proteins are retrieved from a post-ER com-
partment by recycling a membrane-bound receptor (KDEL
receptor, erd2 gene product [245]). Membrane proteins of the
ER behave in much the same way, using retrieval signals like a
C-terminal KKXX motif, which interacts directly with coat
proteins of COPI-coated vesicles (187). In S. cerevisiae, a sec-
ond system, independent of a KDEL receptor, seems to be
involved in the retrieval of resident ER proteins (29).
In contrast, the transmembrane sequences of several resi-

dent Golgi enzymes contain structural motifs which are be-
lieved to function as retention signals (134), although some
exceptions have been reported (see, e.g., references 195 and
278). The transmembrane domain (all resident Golgi proteins
sequenced so far are type II membrane proteins) requires
nonspecific short cytoplasmic and luminal sequences for its
function (134). Golgi proteins form heterooligomers (223), and
it has been proposed that this prevents inclusion in vesicular
transport intermediates (225), although this model cannot ex-
plain all the observations on Golgi retention (see references
134 and 218 for detailed discussions). However, recent studies

indicate that not all proteins are targeted to the GA by a
retention mechanism. Two cis-Golgi proteins of S. cerevisiae
are localized by recycling (148, 278). Similar results have also
been reported for some mammalian Golgi proteins (60, 154).
Golgi localization of yeast Emp47p depends on its C-terminal
dilysine motif, and the protein is recycled through the ER
(278). Another hypothesis emphasizes the importance of pro-
tein-lipid interaction for Golgi retention and protein retrieval
(37, 197, 218; see also the section on evolution of the secretory
pathway below). Heterologous expression of sialyltransferase
in S. cerevisiae demonstrated that Golgi retention signals are
conserved between yeast and mammalian cells (279).
Residence of proteins specific for the trans-Golgi network

seems to depend on retrieval from the plasma membrane.
Proteins carrying a tyrosine-containing retention motif are re-
trieved with clathrin-coated vesicles (reviewed in references
196 and 329 for S. cerevisiae). Interaction of these retention
motifs with the medium chains m1 and m2 of the two clathrin-
associated protein complexes AP1 and AP2 was recently dem-
onstrated (231).
Proteins targeted for lysosomes are synthesized at the rough

ER. As they travel through the secretory pathway, the oligo-
saccharide side chains are modified by phosphorylation of
mannose sugars, and the latter are subsequently recognized by
the mannose-6-phosphate receptors (MPR) (169). Binding of
lysosomal enzymes by MPR occurs in the trans-Golgi network.
Analogous to receptor-mediated endocytosis, MPR-lysosomal
enzyme complexes associate with clathrin and bud from the
membrane as clathrin-coated vesicles (67, 191). In contrast to
mammalian cells, S. cerevisiae apparently lacks MPRs, and so
vacuolar protein targeting proceeds along an MPR-indepen-
dent pathway (summarized in references 62 and 157). This
MPR-independent pathway may additionally exist in mamma-
lian cells (67, 169). Although mammals and S. cerevisiae use
different receptors for sorting of lysosomal and vacuolar pro-
teins, recent results indicate that the underlying mechanisms
are similar (62), in that they both require phosphatidylinositol-
3-kinase and clathrin-coated vesicles for delivery of lysosomal
and vacuolar proteins (42, 70, 169, 242).

SECRETORY PATHWAY OF PROTISTS

Diplo- and Trichomonads

Diplo- and trichomonads are mainly parasitic flagellates which
lackmitochondria and peroxisomes (119). In trichomonads, elec-
tron microscopic examination revealed the presence of a well-
developed secretory pathway (e.g., GA) (98). In contrast, in
the diplomonad Giardia lamblia (trophozoites and cysts), no
GA, coated vesicles, or typical lysosomes had been observed
(111, 119, 286). However, recent studies demonstrated the
presence of a secretory pathway (206; see below for details).
Peripheral vacuoles underlying the plasma membrane (Fig. 4)
were shown to perform some lysosomal functions, since they
took up exogenous ferritin and contained acid phosphatase
(32, 111), DNase, RNase, and thiol-dependent and -indepen-
dent proteinases (189).
Cyst formation. G. lamblia exhibits a two-stage life history.

The flagellate trophozoites colonize the upper small intestine
of mammals, where they attach to the intestinal epithelium via
a specialized organelle, the adhesive disk (2). Some trophozo-
ites are induced to encyst, and mature cysts are secreted in the
feces and can infect new individuals after ingestion and excyst-
ment. The cysts are surrounded by a thick cell wall consisting
of polysaccharides containing glucose, N-acetylgalactosamine,
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and a few proteins (201; see reference 2 for a summary of the
cyst wall and encystation process). Ultrastructural studies (112,
119) have focused mainly on trophozoites, since experimental
induction of encystation has only recently become possible
(131). In these ex situ encysting cells, parallel smooth mem-
brane arrays (Golgi-like stacks) which contained acid phos-
phatase activity were observed (261). These stacks were ini-
tially not observed in nonencysting cells (261); however, by
using ultrastructural techniques that enhance the preservation
of the endomembrane system, these putative Golgi stacks (Fig.
4 and 5), as well as coated pits and 50- to 80-nm vesicles (Fig.
5), were also visualized throughout the cytoplasm in preencyst-
ing trophozoites (206). Two enzymes, which are present in the
GA of mammalian cells (galactosyltransferase and N-acetyl-
galactosaminyltransferase) were found only during encystation

(193). Cyst wall antigens were detected in the Golgi-like stacks
during encystation, implicating involvement of the Golgi-like
stacks in cyst wall formation (261). Apparently, the cyst wall
proteins are not transported to the cell surface in small vesicles
which are formed at the rim of the stack. Instead, they are
transported by large, electron-dense, encystation-specific vesi-
cles, which presumably originate from enlarged trans-Golgi
cisternae (261). Interestingly, a major trophozoite surface an-
tigen (130), which is synthesized by encysting and nonencysting
Giardia cells (205, 261), was shown by immunoelectron micros-
copy to be present in the ER of both cell types but not in the
large encystation-specific vesicles (205, 261). These results in-
dicate that in G. lamblia, constitutive secretion (surface anti-
gen) and regulated secretion (cyst wall proteins) occur simul-
taneously by different vesicular pathways (205).

FIG. 5. Higher-magnification transmission electron micrograph sections stained with tannic acid, which enhances coated vesicles. (A and C) Transitional elements
(te), in which one face is rough (studded with ribosomes [arrowheads]) and the other is smooth, are thought to be the first post-ER compartment. (B) Golgi-like stack
of perinuclear smooth membranes. (D) ER/transitional element showing cisternal branching. Two of the small vesicles are coated, while the third is not. (E) smooth
and transitional (arrowheads) membrane cisternae and numerous small coated vesicles (arrows). Bars, 0.1 mm. Reproduced from reference 206 with permission of
Academic Press.

FIG. 4. Cross sections through G. lamblia trophozoites showing the endomembrane system. (A) Conventional electron micrograph shows cross sections of
peripheral vesicles (pv), flagella (f), adhesive disk (ad), and nuclei (n), as well as numerous endomembranes (arrowheads) traversing the cytoplasm. G refers to the
Golgi-like perinuclear membrane stack, and the small arrows point to the negative images left by the numerous glycogen granules in the cytoplasm. (B) A similar section
stained with KFeCN, showing the same structures, except that the glycogen granules are darkly stained and the major membrane cisternae (arrowheads) are parallel
to the dorsal surface of the cell. (C) Similar section stained with KMnO4. Rough ER (rer, arrowheads) can be seen. The glycogen granules are also darkly stained. The
peripheral vesicles tend to delineate a cortical area of the cytoplasm that lacks the ribosomes and the glycogen granules of the main part of the cytoplasm. Bars, 0.5
mm. Reproduced from reference 206 with permission of Academic Press.

VOL. 60, 1996 SECRETORY PATHWAY OF PROTISTS 703



704 BECKER AND MELKONIAN MICROBIOL. REV.



Molecular components of the secretory pathway in G. lam-
blia. Not much is known about the molecular machinery of the
secretory pathway in G. lamblia. A gene encoding ARF was
found in trophozoites (219), which partially complements ARF
function in S. cerevisiae (184). In agreement with the presence
of ARF inG. lamblia, brefeldin A blocks secretion, remarkably
in both encysting (cyst wall) and nonencysting (surface anti-
gens) cells (193). A gene for a giardial BiP (binding protein,
ER protein member of the HSP70 protein family) homolog,
which contains a C-terminal KDEL ER retention signal, was
isolated (145). Immunofluorescence studies indicate the pres-
ence of a membrane-associated b-COP homolog in both cell
types, which disappeared from the membranes in brefeldin
A-treated cells (193).

Kinetoplastids

The kinetoplastids form another relatively early line of eu-
karyotic cell evolution (Fig. 2). Members of the kinetoplastids
and the related euglenoids have interested biologists for a long
time, since several species are large enough to examine the cell
architecture in detail under a light microscope. By using vital
dyes such as neutral red or osmium impregnation, a “GA” was
first demonstrated by light microscopy in several euglenoids
and kinetoplastids (see, e.g., references 137, 147, and 221).
However, in this early period, the function of the GA remained
obscure. Since no recent investigations of the secretory path-
way of euglenoids seem to have been performed with modern
tools of cell biology, we shall discuss only recent work on
kinetoplastids.
Secretory products in Trypanosoma and Leishmania species.

Most members of the kinetoplastids are obligate parasites,
which cause severe diseases in vertebrates. Their cell surface
molecules are important for their survival in the host cells.
These molecules and other proteins important in host-parasite
interactions have been intensively studied as potential sources
for vaccine development. They include membrane-bound gly-
coproteins like gp63 (an endoprotease) (120) and glucose
transporters (249) in Leishmania spp., the unusual lipophos-
phoglycan of Leishmania promastigotes (reference 222 and
references therein), and the variant surface glycoproteins
(VSGs) in Trypanosoma spp. (65, 315), as well as secreted
proteins like acid phosphatase in Leishmania spp. (163) and
a-mannosidase in Trypanosoma cruzi (302). All known surface
components are heavily glycosylated. The biosynthesis of li-
pophosphoglycan is just now being investigated in detail (222),
whereas N glycosylation in trypanosomatids is already well
characterized (see reference 241 for a review). N glycosylation
(241) and the formation of the glycanphosphatidylinositol
membrane anchor (66) are comparable to those of other eu-
karyotic organisms, although some unique features exist (241),
and several enzymes involved in the biosynthesis of the doli-
chol-oligosaccharide precursor and processing in the ER have
been studied (241). Less is known about glycan processing in
the GA; however, the activities of a few GA enzymes have
been measured (GlcNAc-transferase [135, 270] and galactosyl-
transferases [135, 248]). Since most work on secretion in ki-

netoplastids (reviewed in reference 59) has been on the VSGs,
we will focus on these studies.
Secretion of variant surface glycoproteins in Trypanosoma

species. VSGs are synthesized with a transient N-terminal sig-
nal peptide (36). The protein is anchored transiently in the ER
membrane by its C terminus, which is replaced in the ER by a
glycophospholipid consisting of ethanolamine, mannose, glu-
cosamine, and sn-1,2-dimyristyl phosphatidylinositol (GPI)
(113). In addition, N-linked oligosaccharides are added to
some VSGs in the ER, and these are sometimes converted to
complex glycans in the GA (315). The secretory pathway in
Trypanosoma brucei (Fig. 6) consists of ER and Golgi stacks,
each of the latter containing four to six well-aligned cisternae
in close association with a transitional ER element (Fig. 6).
Close to the trans side of a GA stack, a prominent system of
flattened cisternae and tubulovesicular elements (Fig. 6) (95) is
present, which has been suggested to be the homolog of the
trans-Golgi network (95). Transport of the VSGs to the cell
surface is rapid. In pulse-chase experiments with [35S]methi-
onine, 50% of the labelled VSGs are transported to the cell
surface within 15 min (17, 113).
Surprisingly, monensin, a ionophore for monovalent cations

which in many systems inhibits the transport of glycoproteins
from the GA to the plasma membrane (215), had no effect on
VSG transport to the cell surface (16, 95, 113), although the
drug caused morphological changes (i.e., swelling of trans-GA
cisternae) typical for monensin (95). In addition, monensin
treatment prevented modification of N-linked glycans (16).
This was taken as evidence for a novel secretory route to the
cell surface that bypassed the GA (113), as also proposed for
some other systems (see reference 215 for a detailed discus-
sion). However, immunolocalization of VSGs showed their
presence in the ER, the GA, and the trans-Golgi network
irrespective of whether cells were treated with monensin (95),
indicating that VSG also follows the classical route to the cell
surface. It was speculated that an sn-1,2-dimyristyl phosphati-
dylinositol (GPI) anchor may confer an intrinsically high dif-
fusion rate to VSGs, thus bypassing the monensin block, which
could exist for other proteins in the secretory pathway (96).
Much less is known about the biogenesis of lysosomal proteins
in Trypanosoma species. It has been suggested that transport
via the cell surface is the major trafficking pathway for proteins
targeted to the lysosome (38).
Molecular components of the secretory pathway in kineto-

plastids. Hardly anything is known about the molecular ma-
chinery of secretion in Trypanosoma species or kinetoplastids
in general. A few glycosyltransferases have been characterized
biochemically (see above). Advances in the molecular genetics
of Leishmania species (such as the availability of lipophospho-
glycan mutants and genetic complementation) (78, 272) have
lead to the isolation of genes involved in the secretory pathway.
A galactofuranosyltransferase specific for lipophosphoglycan
biosynthesis (272) and a GA protein required for intracellular
compartmentalization of lipophosphoglycan biogenesis (78)
were cloned and sequenced. The latter protein shows 28%
identity (55% similarity) to a yeast protein (Vrg4/Van2) which

FIG. 6. Endomembrane system of Trypanosoma brucei. (A to C) Elements of the exocytotic pathway. The secretory pathway consists of rough ER (rER), GA, and
a smooth flattened cisterna believed to be the trypanosomal equivalent of the trans-Golgi network (arrow). g, glycosome. (C) Post embedding labelling of cryosections
with VSG-specific antibodies and a gold-labelled secondary antibody. Arrowheads indicate tubulovesicular elements of the endocytic pathway, which are also labelled.
(D to F) Elements of the endocytic pathway. Endocytosis takes place in the flagellar pocket (fp), where coated vesicles (cv) are formed, which contain the surface coat
(VSG) and a clathrin analog. f, flagellum; l, lysosome; cp, coated pit. Arrowheads indicate tubulovesicular elements of the endocytic pathway. (F) Preembedding
labelling of VSG with VSG-specific antibodies directly labelled with gold particles. Cells were incubated for 2 min in the presence of gold-labelled antibody before being
prepared for epon embedding and sectioning. Small arrows, VSG-specific labelling (primarily surface bound in lysosomes). Bar, 0.5 mm Micrographs courtesy of M.
Duszenko, Tübingen, Germany.
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is essential for GA function (78). In addition, a homolog of the
N-acetylglucosaminyl-1-phosphate transferase involved in for-
mation of the dolichol-oligosaccharide precursor (190) and a
homolog of mammalian BiP (18) were sequenced. The pres-
ence of clathrin was implicated from the presence of a 180-kDa
polypeptide in isolated coated vesicles, although no cross-re-
activity with antibodies against mammalian clathrin was ob-
served (282). Similar to mammalian cells, Trypanosoma cells
show transient glycosylation of N-glycosidic carbohydrates in
the ER lumen, causing a delay in exit from the ER (176, 313).

Slime Molds

The slime mould Dictyostelium discoideum is an intensively
studied model system in developmental and cell biology. Upon
starvation, the vegetative amoebae aggregate and form a fruit-
ing body with three different types of cells (basal disk cells,
stalk cells, and spores). D. discoideum cells can be manipulated
easily by genetic and biochemical means. The most significant
work dealt with differentiation and aggregation of cells, but
studies on the biogenesis and turnover of cell surface compo-
nents and lysosomal hydrolases have also yielded interesting
results.
As in yeast cells research on the secretory pathway of D.

discoideum is based almost exclusively on biochemical studies
(summarized in reference 50). There are no recent studies on
the secretory pathway that were performed by ultrastructural
techniques. Figure 7 shows transmission electron micrographs
of vegetative amoebae cultured under axenic conditions. The
cytoplasm is dominated by various types of vacuoles of the

endosomal/lysosomal system and mitochondria (Fig. 7A).
Sometimes rough ER (Fig. 7A) and tiny Golgi stacks consisting
of three or four cisternae (Fig. 7B) are seen.
Biogenesis and secretion of lysosomal hydrolases. Lysoso-

mal enzymes are synthesized initially at the rough ER as pre-
cursor polypeptides which are transported to the Golgi com-
plex. In a late Golgi or early endosomal compartment, the
precursors are cleaved into intermediate forms, which are con-
verted to mature enzymes in the lysosomes (50, 58, 262). Com-
plete proteolytic processing depends on an acidic environment,
which is, however, not required for efficient sorting of proteins
(51). The proteolytically processed lysosomal enzymes are also
secreted into the culture medium by a special pathway (50)
which involves a distinct postlysosomal compartment (239).
The lysosomal enzymes of D. discoideum are highly acidic

glycoproteins modified by the addition of sulfate (58, 116) and
methylphosphate (117, 118, 121) to N-glycosidic oligosaccha-
rides. The degree of processing of the N-linked glycans is
developmentally regulated (8, 72, 165, 263). In contrast to the
MPR-dependent sorting of mammalian lysosomal enzymes,
these modifications are not essential for proteolytic processing
or targeting of lysosomal hydrolases in D. discoideum (47, 49,
99). Instead, mutants with mutations in N glycosylation showed
a reduced secretion rate of lysosomal proteins to the culture
medium (47, 49, 99). However, treatment of cells with the
glycosylation inhibitor tunicamycin, which yields incompletely
glycosylated proteins, had no significant effect on the secretion
of contact site A protein (an adhesion molecule) to the cell
surface (156). Inhibition of the early proteolytic processing of

FIG. 7. Standard TEM of vegetative amoebae of D. discoideum cultured under axenic conditions. (A) Presence of many vacuoles of the endosomal/lysosomal system
(V) in the cytoplasm. In addition, many mitochondria (M), the nucleus (N), and rough ER (rER) can be seen. (B) A small Golgi stack (G) and smooth ER (sER) can
be seen. Bar, 1 mm. Micrographs courtesy of U. Roos, Zürich, Switzerland.
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lysosomal enzymes by antipain or leupeptin caused missorting
and oversecretion of precursor forms (262). As in mammalian
cells, sorting of lysosomal enzymes is dependent on clathrin-
coated vesicles (271).
Spore development. During spore development, cells form

secretory granules (prespore vesicles) which contain spore coat
proteins (as a preassembled glycoprotein complex precursor
[105, 324]) and a polysaccharide consisting of galactose and
N-acetylgalactosamine (105, 186), as well as lysosomal hydro-
lases (186). Subsequent work has shown that the prespore
vesicles receive hydrolases from lysosomes and newly synthe-
sized hydrolases from the Golgi complex (186). It was sug-
gested that cells either restructure preexisting lysosomes into
prespore vesicles or transport proteins between these two or-
ganelles.
Molecular components of the secretory pathway in D. dis-

coideum. Not much is known about the secretory machinery of
D. discoideum in molecular terms. Small G-proteins of the ras
superfamily were detected by immunoblotting (43), and the
sequences of several homologs of the rab/ypt protein family
have now also been reported (45, 46, 276). So far, only a rab4
homolog has been localized almost exclusively to the spon-
giome of the contractile vacuole complex, although some la-
belling of lysosomal membranes was also observed (46). The
gene for the clathrin heavy chain has been cloned and se-
quenced (57% identity to the mammalian clathrin heavy chain
[228]). Some enzymes of N-linked glycan processing have been
partially characterized at the biochemical level (see, e.g., ref-
erences 177, 284, and 285), and mutants with mutations in
various N-glycosylation steps have been isolated (35, 117). A
cytosolic fraction prepared from D. discoideum can replace a
similar fraction from mammalian cells in the in vitro intra-
Golgi transport assay, indicating that similar cytosolic compo-
nents operate in D. discoideum (240).
As in other systems, secretion depends on calcium ions (63),

and an ATP-driven Ca21/H1 antiporter was detected in the
endomembrane system of D. discoideum (265).

Alveolates (Ciliates and Apicomplexans)

Ciliates. Ciliates are often used as unicellular model systems
for secretion. In contrast to yeasts, which have only constitutive
secretion, ciliates reveal both constitutive and regulated secre-
tion. Like yeasts, ciliates are genetically amenable and can be
grown in defined media. Most studies deal with regulated se-
cretion of either trichocyst formation in Paramecium species or
mucocyst formation in Tetrahymena species. Sometimes con-
stitutive secretion of hydrolases in Tetrahymena species or in
other ciliates is also studied.
The GA is the central sorting organelle in the secretory

pathway. In ciliates, no classical Golgi complex has been ob-
served, and the existence of a GA remained uncertain for some
time (106). Only in the early 1970s was the existence of a GA
in ciliates finally recognized (106). The GA consists of several
hundred tiny stacks which are located predominantly at the
periphery of a cell. Most stacks contain only two or three
fenestrated GA cisternae (6, 175, 192, 244), often appearing in
thin sections as a mass of vesicles (6). The stacks are closely
associated with the smooth transitional membrane of the
rough ER and with cortical mitochondria (6, 106, 175, 192,
244). Non-clathrin-coated vesicles (similar to the COP-type
vesicles of mammalian cells) have been observed between the
ER and Golgi stack (6, 244). Enzyme cytochemistry showed
that the trans-most cisterna contained acid phosphatase and
thiamine pyrophosphatase (175, 192). In addition, a single
cisterna located near the proximal end of basal bodies was

stained. It has been suggested that both represent the equiva-
lent of the trans-Golgi network. This is supported by the pres-
ence of clathrin-coated buds on the trans face of the GA stack
(6) and by the labelling of the trans-most cisterna with wheat
germ agglutinin (7). By using the quick-freeze deep-etch tech-
nique, a filamentous network in the ER-Golgi transition zone
and in the trans-Golgi region was detected (6). It was proposed
that these networks are responsible for the close physical as-
sociation of the ER and Golgi stack in Paramecium species (6).
(i) Trichocyst formation. Trichocysts are spindle-shaped ex-

trusive organelles of alveolates, which are discharged upon
external stimuli (149). They are specialized secretory vesicles,
which fuse upon stimulation with the plasma membrane. The
trichocyst matrix expands upon discharge to form a paracrys-
talline rod three to five times its original length (149). In
Pseudomicrothorax dubius, early pretrichocysts are formed by
fusion of bristle-coated (similar to clathrin) electron-dense ves-
icles (“dense vesicles”) with electron-translucent vesicles
(“clear vesicles”), both of which originate from the trans-Golgi
network (244) (Fig. 8). Similar results were obtained for tri-
chocyst formation in Paramecium species (123, 150, 216, 333).
The pretrichocysts grow by fusion with additional dense and
clear vesicles and other pretrichocysts until they reach a final
diameter of 2 mm (Fig. 8C). Dense and clear vesicles deliver
different components of the mature trichocyst (tip and shaft
precursor, respectively [244]). When pretrichocysts reach their
maximum diameter, formation of the paracrystalline shaft
starts and is followed by formation of the tip. When the con-
densation process is terminated, the mature trichocysts are
attached with their narrow or pointed ends to the plasma
membrane, a process called docking (244). Transport of tri-
chocysts to their docking sites in the cell cortex depends on
microtubules (133, 252) and microfilaments (252). The exocy-
tosis of secretory granules in ciliates (trichocysts and muco-
cysts) upon external stimuli has been extensively reviewed re-
cently (251) and need not be discussed here.
The extrusive organelles of Tetrahymena species are the mu-

cocysts (summarized in reference 149). It has been proposed,
as for trichocysts, that mucocysts originate from ER-derived
vesicles (149). However, since mucocyst formation in Tetrahy-
mena species has not been investigated recently, it might well
be that as with Paramecium trichocysts, mucocysts originate
from trans-Golgi vesicles.
Mature trichocysts contain a compact, highly ordered array

of proteins. About 34 major and 80 minor acidic proteins,
which represent four different categories of proteins (287) en-
coded by multigene families (198), have been identified (310).
Trichocyst proteins arise from high-molecular-weight precur-
sors by proteolytic processing (see references 3, 288, and 314
for a discussion of Tetrahymena mucocysts). Proteolytic cleav-
age is required for the assembly of the paracrystalline matrix
(3, 288). In the presence of monensin, no proteolytic process-
ing of trichocyst proteins and no formation of mature tricho-
cysts are observed (3). The expansion of trichocyst proteins is
calcium dependent (122, 129) and is modulated by pH (122). It
has therefore been suggested that Paramecium trichocysts are
acidic (44, 129) like other late compartments of the secretory
pathway in mammalian cells (9) and that sorting of proteins to
the regulated secretory pathway (trichocysts) depends on acid-
ification (122, 124) as in mammalian cells. However, analysis of
acidity by using acridine orange (194) or the 3-(2,4-dinitro-
anilino)-39-amino-N-methyldipropylamine (DAMP) technique
(see reference 9 for experimental details) (124) showed clearly
that Paramecium trichocysts are not acidic. It has therefore
been suggested that Paramecium species use a different mech-
anism to segregate trichocyst proteins from other secretory
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proteins (124). Trichocyst proteins are retained in secretory
vesicles (retention model), whereas other proteins (e.g., lyso-
somal enzymes) are retrieved by a receptor-mediated process
(124), similar to the formation of secretory granules in the b
cells of the pancreatic islet (172).
(ii) Constitutive secretion. Work related to constitutive se-

cretion has dealt mainly with secretion of lysosomal acid hy-
drolases in Tetrahymena species (reviewed in reference 308).

Similar to the formation of mucocysts, secreted b-hexosamini-
dase is proteolytically processed in two steps (161). Lysosomal
proteins contain glucosylated N-glycosidic oligosaccharides of
the high-mannose type, indicating that processing of these
structures in the GA does not take place (304). Analysis of
constitutive secretion in Tetrahymena species is difficult since
acid hydrolases are in part also secreted during the egestion of
food vacuoles or exocytosis of mucocysts (see, e.g., reference

FIG. 8. Formation of trichocysts in Pseudomicrothorax dubius as observed in the electron microscope. (A) The Golgi stack (G) is composed of three cisternae.
Transition vesicles (small arrows) are observed along the cis face of the stack. The stack is always associated with transitional ER (small arrowheads) and a
mitochondrion. A well-developed tubular trans-Golgi network (TGN) is located far from the Golgi stack. Dense vesicles (D) are observed near both the stack and the
trans-Golgi network. (B) Section through a trans-Golgi network adjacent to a developing pretrichocyst (P). Electron-dense material (arrows) accumulates in the
trans-Golgi network tubules and budding, coated vesicles (arrowhead). An irregularly shaped, coated, clear vesicle (C) containing flocculent material is also seen. (C)
Stage of a developing pretrichocsyst (P). The diameter increases by fusion with clear vesicles (C) and smaller pretrichocysts (p). (D) Fully formed trichocysts observed
in cross section showing the four electron-dense pretrichocyst arms (a). Immunogold labelling with a polyclonal antitrichocyst antibody. Bars, 0.5 mm. Reproduced from
reference 244 with permission of Elsevier, Paris.
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307). With at least three different types of secretory processes
and various endocytotic events, the genus Tetrahymena has one
of the most complex system of membrane traffic in protists
(309).
(iii) Molecular components of the secretory pathway in cil-

iates. Analysis of the molecular components involved in secre-
tion in ciliates is just starting. Small GTP-binding proteins
associated with secretory vesicles have been detected (246).
Several members of the rab/ypt and rho subfamily of low-
molecular-weight G-proteins have been partially sequenced by
PCR techniques (115). A homolog of the liver-specific f-anti-
gen (57% identity) of unknown function was found to be as-
sociated with the Golgi complex and with mucocysts in Tetra-
hymena species (159). A 63-kDa phosphoprotein (parafusin)
which appears to function in exocytosis of trichocysts was iden-
tified in Paramecium species and biochemically characterized
(128), and the amino acid sequence was determined from its
cloned cDNA (299). By using polyclonal antibodies (274, 332)
and PCR techniques (332), this protein was also found in D.
discoideum (274) and in mammalian cells (274, 332). Recent
work involves the isolation and characterization of mutants
blocked in either constitutive (160) or regulated (126, 235, 253,
275) secretion. A few Parameciummutants have been analyzed
in some detail (126). For example the “trichless” mutant was
shown to have a defect in the processing of matrix precursors
of trichocysts (126). In other mutants, proteolytic processing
appears to be normal, but intracellular transport between the
ER and Golgi is impaired (126). Molecular analysis of these
mutants will greatly facilitate the identification of proteins
functioning in the secretory pathway of ciliates.
Apicomplexans. Plasmodium species are protozoan parasites

which infect erythrocytes and are the causative agents of ma-
laria. The parasite shows a complex life history. During its
asexual life history, merozoites infect erythrocytes, where, after
several developmental stages, 16 progeny merozoites are
formed. Mature erythrocytes have no intracellular organelles
and few biosynthetic activities. Plasmodium species as actively
growing organisms have certain requirements for the uptake of
nutrients and expulsion of waste. Thus, they must extensively
remodel the erythrocyte by exporting numerous proteins and
must establish the specialized machinery for their trafficking
(summarized in reference 102). Because of the importance of
this stage for malaria infections, some work on the secretion of
proteins from the parasite to the host cell has been under-
taken.
During the intraerythrocyte stage, Plasmodium proteins are

transported to various compartments in the erythrocyte (e.g.,
intraerythrocytic tubulovesicular membranes induced by the
parasite [19, 102]). Proteins are translocated into the ER. The
amino acid sequences for five different secretory proteins are
known. All have typical N-terminal signal sequences and are
transported in heterologous translation/translocation systems
into microsomes (102). Many small vesicles are associated with
the ER. No typical Golgi stacks have been observed in the
parasite during the intraerythrocyte stage; therefore, these ves-
icles have been described as the GA of the parasites (179).
However, the Golgi function of these vesicles has been ques-
tioned (19). Instead, a transport function between the ER and
plasma membrane has been suggested (19). In agreement with
the absence of a Golgi stack, Plasmodium species lack N gly-
cosylation of proteins during the intraerythrocytic stage (80).
However, phosphorylation and proteolytic processing of se-
creted proteins in post-ER compartments have been observed
(69). On the other hand, several conserved characteristics of
the secretory pathway were detected. Homologous genes to the
mammalian BiP gene (pfgrp [173, 174]) and KDEL receptor

gene (pferd2 [103]) have been cloned and sequenced from
Plasmodium falciparum. The pfgrp protein was localized to the
ER by immunogold techniques (173), whereas the pferd2 pro-
tein was localized to a different compartment by indirect im-
munofluorescence. pferd2 showed redistribution to the ER
upon brefeldin A treatment (103). Brefeldin A, as in other
systems, inhibited protein secretion at various stages of the cell
cycle (64, 69, 101, 153, 229), although it did not block the
secretion of some proteins (101). Another typical Golgi marker
(sphingomyelin synthase) was detected in the parasite as well
as in the erythrocyte host (tubulovesicular membranes [104]).
Recently, another protein of the tubulovesicular membranes
was shown to be immunological related to a mammalian Golgi
protein (188), indicating that these tubulovesicular membranes
may play a role similar to the GA in Plasmodium-infected
erythrocytes (188).

Green Algae

The green algae differ in several aspects from the other
organisms discussed so far. They are photosynthetic and com-
pose unicellular as well as multicellular taxa, and the proto-
plasts are almost always enclosed in an elaborate extracellular
matrix, which is the major secretory product of the protoplast.
The diversity of types of extracellular coverings in the green
algae is enormous, and includes single or multiple layers of
scales (reviewed in reference 23), cell walls derived by fusion of
scales (theca [for a review, see reference 23]), crystalline gly-
coprotein-type cell walls (for a review, see reference 1), muci-
laginous layers, and cellulose/pectin-based cell walls. Cell wall
glycoproteins of Chlamydomonas and related taxa have been
characterized in great detail (for a review, see reference 1).
They contain O-linked heteroglycans consisting of arabinose,
galactose, mannose, and glucose. Much less is known about N
glycosylation in green algae. The presence of N-linked glycans
has been reported for various taxa (14, 25, 26, 142, 254). Tu-
nicamycin, an inhibitor of N glycosylation, affected cell growth
and mating in Chlamydomonas reinhardtii (204, 260), and tu-
nicamycin-resistant mutants have been described (97). How-
ever, only preliminary data (formation of dolichol-sugars in a
crude microsomal fraction from Chlorella species) regarding
the biogenesis of N-linked glycans are available (254).
The GA and other components of the secretory pathway are

well developed in green algae and in algae in general. The
ultrastructure of the endomembrane system in green algae has
been studied in great detail and was recently summarized (86).
Therefore, we will focus our discussion here on functional
aspects of secretion in three well-studied model systems.
Scale formation in prasinophyte algae. Scales may be de-

fined as structures of distinct size and shape which are located
on the cell body and flagellar surfaces. Many taxa possess more
than one scale type, and up to seven morphologically different
scale types have been reported in a single taxon. Prasinophyte
scales are nonmineralized, and carbohydrates are their major
constituents (see reference 23 for a recent review of scale
structure and composition). Various studies (summarized in
reference 23) have shown that scales can be detected by elec-
tron microscopy in the GA, in secretory vesicles, and, in some
taxa, in a membraneous reticulum anterior to and physically
separated from the Golgi stacks (e.g., Scherffelia dubia [Fig.
9A] [207]). Since for many scale types a maturation process
from the proximal (cis) to the distal (trans) face of the Golgi
stack can be observed (90, 207, 214), it is widely accepted that
scales are assembled in the Golgi stacks, transported to the cell
surface by secretory vesicles, and released to the cell surface by
exocytosis (Fig. 9B). Cells often have more than one Golgi
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stack, and all stacks are equivalent in their capacity to synthe-
size all types of scales of a taxon. The Golgi stack of prasino-
phyte algae contains about 20 cisternae (86). Each cisterna is
capable of producing different scale types simultaneously (190,
202, 207, 213, 214). Intracisternal differentiation has often
been observed; that is, specific scale types are formed within
certain areas of a GA cisterna. For example, the pentagonal
scales and flagellar hairs of S. dubia are found at the rims of a
cisterna whereas the man scales are found exclusively in the
central part of the cisterna (207).
A recent investigation of GA activity during the first minutes

of experimentally induced flagellar-scale biogenesis in S. dubia
revealed that structurally complete scales can be recognized 5
min after deflagellation in the third to sixth cisternae from the
cis face (22). Between 5 and 20 min, scale-bearing cisternae
successively extend to the trans face of the GA. Interestingly,
scales are never seen inside the numerous transition vesicles at
the rim of the Golgi stack (Fig. 9A) (22, 207). Thus, during
scale biogenesis, the GA clearly follows the classical membrane
flow, or “cisternal progression,” model (217).
Similar results have previously been obtained for the secre-

tion of scales in the prymnesiophyte alga Pleurochrysis scherf-
felii (for reviews, see references 40 and 211) and will be there-
fore be only briefly discussed. The scales of P. scherffelii are
;1.5 to 2 mm in diameter and consist of two types of fibrils
(radial and spiral fibrils) and additional amorphous material
(41). Polysaccharides (including cellulose) and proteins are the
major constituents of these scales (90% of dry weight). Each
scale is synthesized by a single Golgi cisterna. The Golgi stack
comprises 20 to 30 cisternae, and enzyme histochemistry dem-
onstrated that it is subcompartmentalized (NDPase, cis; aryl-
sulfatase, medial; acid phosphatase, trans [41]). Assembly of
the radial fibrils of the scale starts at the 10th to 12th cisternae
from the cis face (40). Other parts of a scale are assembled in
a more trans position in the stack. Once scale assembly is
completed, the trans-most cisterna leaves the Golgi stack. Fu-
sion of the entire trans-Golgi cisterna with the plasma mem-
brane was directly visualized by video microscopy (39). In this
example, the scales are far too large to be transported in
vesicles. Therefore, intra-Golgi transport of prymnesiophyte
scales by cisternal progression has usually been considered a
“rare formula connected with the unusual geometry and size of
the product” (110). The formation of coccoliths in prymesio-
phytes has recently been reviewed (107, 182). By using immu-
nogold techniques, acidic polysaccharides of the coccoliths
were shown to be synthesized in medial Golgi cisternae (203).
These polysaccharides cosegregate with calcium into vesicles,
which are assumed to transport the polysaccharides to the
coccolith-forming saccule (203).
Application of monensin to scale-producing prasinophytes

(83, 88) yields trans face curling, swelling, and production of
multivesicular elements similar to the effects reported for mo-
nensin in mammalian cells (215). The ultrastructure of scales
synthesized in the presence of monensin was altered, and the
secretion rate was reduced (88). Other cell poisons interfering
with the intracellular regulation of the potassium or calcium
ion concentration (82, 83) altered the structure of the endo-
membrane system and the secretion of scales as in other sys-
tems.
C. reinhardtii and related organisms. The ultrastructure of

the endomembrane system of C. reinhardtii and related taxa
has been investigated by several authors (see, e.g., references
84, 89, and 140; a detailed description is given in reference 86).
However, although C. reinhardtii has been called the green
yeast because of to its great potential for genetic analysis (143),
and although the structure of the crystalline glycoprotein cell

wall is well studied (for a review, see reference 1), less work has
been done on the secretory pathway. O glycosylation of cell
wall proteins of C. reinhardtii was investigated in some detail.
Monoclonal antibodies against O-glycosidic carbohydrate
epitopes have been used to determine the intracellular local-
ization of O glycosylation (138, 337). Two antibodies known to
recognize different carbohydrate epitopes were found to label
two distinct regions of the Golgi stack, indicating a subcom-
partmentalization of the stack (138).
An analysis of the endomembrane system was performed

with the large chlamydomonad Gloeomonas kupfferi (85). The
Golgi stacks ofG. kupfferi contain 16 cisternae (84). Cytochem-
ical localization of acid phosphatase and thiamine pyrophos-
phatase showed the presence of these activities in the trans
cisternae of the GA stack (85). As in other eukaryotes, brefel-
din A disrupts Golgi integrity and converts the stacks into a
network of swollen tubules (68). The cell wall of G. kupfferi
consists of glycoproteins (probably O glycosidic, since no N-
acetylglucosamine is present), which are synthesized in the GA
(87). At the trans side of the stack, the glycoproteins are pack-
aged into vesicles and transported to the contractile vacuole
(87), from which the material is released.
The desmids. The secretion of cell wall material in relation

to morphogenesis has been studied in the desmid Micrasterias
denticulata (reviewed in reference 208). TheMicrasterias cell is
flat and leaf- or plate-like, consisting of several lobes (Fig.
10A). The two halves of a Micrasterias cell are arranged like
mirror images. Each semicell has one polar lobe and four
lateral lobes. After cell division, the two semicells separate and
each forms a new semicell (Fig. 10A). Morphogenesis depends
on the localized secretion of cell wall material at the areas of
forming cell lobes and reduced secretion rates at zones of
indentions (209). Three different types of vesicles are derived
from a Golgi stack/trans-Golgi network unit (Fig. 10B) (209).
Each Golgi stack contains 11 cisternae (209). “Dark” vesicles
with an electron-dense content (cell wall material) and large
vesicles containing mucilage are formed at the trans cisterna
(Fig. 10B). Biogenesis of the dark vesicles starts at the fifth to
sixth cisterna, where bulging of the margin can be observed.
These dilations are filled with electron-dense material (Fig.
10A). The third type consists of vesicles of 70 nm in diameter,
which are often clathrin coated and formed at the trans-Golgi
network. The large and dark vesicles are present in the whole
cell peripheries. However, dark vesicles are much more con-
centrated in the growing lobes than in zones of indentions
(209). Prior to fusion, dark vesicles associate with specific fu-
sion sites (Fig. 10C) (209). Microfilaments but not microtu-
bules seem to play a role in vesicle transport (185, 311, 318).
Secretion and wall morphogenesis are inhibited by tunicamy-
cin, an inhibitor of N glycosylation, and cyclopiazonic acid, an
inhibitor of the Ca21-dependent ER-ATPase (155).
Transport of vesicles from the ER to the Golgi was recon-

stituted in a cell-free system (226). The in vitro system shows
the same characteristics (vesicle size and structure, ATP de-
pendence, and 168C block) as reconstituted yeast or mamma-
lian systems. The presence of an intermediate compartment
(here called the low-temperature compartment) inMicrasterias
americana has been proposed (226).
Molecular components of the secretory pathway in green

algae. Little is known about the molecular components of the
secretory pathway in green algae. Small G-proteins of the
rab/ypt subfamily have been identified in Dunaliella (264), Vol-
vox (108, 109), and Chlamydomonas (81, 212) species. A few
glycoslytransferases have been partially characterized (arabi-
nose-hydroxyproline-O-glycosyltransferase from Volvox and
Chlamydomonas [144, 336] species and galactose-hydroxypro-
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line-O-glycosyltransferase from Chlamydomonas species
[336]). Recently, the first mutants affecting O glycosylation
have been described (319). Clathrin-coated vesicles associated
with the contractile vacuole and the Golgi complex were ob-
served in various green algae, including Chlamydomonas spe-
cies (325) and have been characterized biochemically from
Chlamydomonas (77) and Dunaliella (335) species. Antibodies
against bovine clathrin heavy chain cross-reacted with a 180-
kDa protein of isolated coated vesicles of Chlamydomonas
species (77).
Much more is known about the molecular components of

the secretory pathway in higher plants (reviewed in references
21 and 297; a discussion of the spatial organization of the
secretory pathway of higher plants is in included in the excel-
lent review by Staehelin and Moore [297]), the descendants of
green algae. Several components of the secretory pathway have
been found, including ARF (see, e.g., references 168 and 183),
COPII (20, 76), BiP (75), KDEL receptor (20), protein disul-
fide isomerase (289, 290), and various rab proteins (see, e.g.,
references 146 and 306). N glycosylation of proteins is well
characterized, and the presence of N-glycosylation-processing
enzymes of the GA (including Golgi mannosidases and N-

acetylglucosaminyl transferase I) is well established (167). On
the basis of their biochemical properties, these proteins seem
to be homologous to their mammalian counterparts (167). In
contrast to mammalian cells, protein targeting to the vacuole
depends on sorting information, present in at least three dif-
ferent parts of the polypeptides (N-terminal and C-terminal
propeptides and sequences within the mature protein) (220).

COMPARISON: SIMILARITIES AND DIFFERENCES

For comparison, selected elements of the secretory pathway
of the protists discussed in this review are presented in Table
1. Although our knowledge for any protist is far from com-
plete, some interesting conclusions can be drawn. All elements
are present in at least two or three groups of protists, and most
of them can even be detected in the two most “primitive”
eukaryote phyla discussed, the diplomonads and the kineto-
plastids. For example, homologous proteins to the mammalian
BiP have been found in Giardia and Plasmodium species and
higher plants (Table 1), and similar effects of the inhibitor
monensin on Golgi structure were observed in kinetoplastids,
ciliates, and green algae (Table 1). Taken together, these data

FIG. 10. Micrasterias secretory pathway. (A) Cell of M. americana as observed in the light microscope. Micrograph courtesy of B. Surek, Cologne, Germany. (B)
The Golgi apparatus ofM. denticulata during cell morphogenesis. Three types of vesicles are formed (DV, dark vesicles containing primary cell wall material; SV, small
vesicles containing unknown material; LV, large vesicles containing mucilage). Open arrows indicate transition vesicles probably fusing with cisternae at the cis face
of the stack. Small arrows indicate bulges of the cisternal margin, which expand to mature dark vesicles. (C) The cortical cytoplasm of a growing lobe. Dark vesicles
are regularly spaced with respect to each other and in contact with the plasma membrane. LV, large vesicles. Bar, 1 mm. Microcraphs courtesy of U. Meindl, Salzburg,
Austria.
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imply that the spatial organization and the molecular machin-
ery is well preserved in eukaryotes, suggesting that a similar
secretory pathway was already present in the “ur-eukaryote.”
However, there is one element which shows considerable vari-
ation within eukaryotes: the presence of a Golgi stack and the
number of GA cisternae within a stack. A Golgi stack is absent
in budding yeast cells and in two presumably ancient eukary-
otic phyla, the microsporidia (48) and the archamoebae (e.g.,
Pelomyxa species) (327). However, as in G. lamblia, it cannot
be excluded that a reinvestigation of the ultrastructure of these
taxa by enhanced fixation techniques will demonstrate a Golgi
complex. It is important to note that the absence of a Golgi
stack does not imply that these cells possess no functional
equivalent of a GA. The cytoplasm of microporidia and ar-
chamoebae is filled with various vesicles (48, 327), which might
be the Golgi equivalent as in budding yeast cells. The situation
is further complicated by the fact that all microsporidia are
obligatory parasites. Whether these organisms have suffered
extreme parasitic reduction or have retained their primitive
characters is undecided (reviewed in reference 54).
The number of cisternae per Golgi stack shows considerable

variation within eukaryotes. Golgi stacks can be small, as in
ciliates, in which only 2 or 3 cisternae per stack are present, or
can contain up to 30 cisternae (e.g., in certain euglenoids). The
reason for this variability is not known; however, organisms
like ciliates, which have little protein glycosylation (lysosomal
proteins of Tetrahymena species contain only high-mannose
glycans [304], as do the trichocyst proteins of Pseudomicrotho-
rax species [243]) and do not synthesize complex polysaccha-

rides, generally possess small stacks. In contrast, various algal
phyla synthesize large amounts of complex carbohydrates (e.g.,
prasinophyte scales [23]) and exhibit Golgi stacks with a large
number of cisternae. Therefore, it is tempting to speculate that
GA structure is defined by the amount of complex carbohy-
drates synthesized by a taxon. In this respect, it is important to
stress that the production of large amounts of carbohydrates
alone does not imply that a Golgi stack of a taxon consists of
a large number of cisternae. For instance, higher plants secret-
ing large amounts of carbohydrates for their cell wall possess
only three to five cisternae per Golgi stack (297). However, the
chemical structures of the secretory products of only few taxa
have been analyzed so far. Clearly, more information is needed
before the relationship between quantity and complexity of
secretory products and the number of Golgi stacks per cell and
Golgi cisternae in a stack can be established.

EVOLUTION OF THE SECRETORY PATHWAY

The evolution of eukaryotes represents the largest disconti-
nuity in the history of life since it originated on earth about 3.5
to 3.8 billion years ago. Because of the basic similarities be-
tween prokaryotes and eukaryotes, it is well accepted that both
arose from a common ancestor. However, the origin and early
evolution of the eukaryotic cell are not understood (although
detailed scenarios of eukaryotic cell evolution have been pub-
lished [52, 53, 73]). A major difference between the two types
of cells is the different organization of cellular membranes. In
most prokaryotes, membrane-associated processes, like the

TABLE 1. Comparison of the secretory pathway of G. lamblia, kinetoplastids, D. discoideum, alveolates, green algae,
and higher plants with the mammalian and yeast system

Pathway component Comment

Situation ina:

G. lamblia Kinetoplastids D. discoideum Alveolatesb Green algae and
higher plantsc Mammals and yeasts

ER proteins e.g., BiP, PDI BiP BiP BiP* BiP* 1 B, S
Glycosylation enzymes 1 B, S 1 B 1 B 1 B, S

ER retrieval system KDEL receptor 1 S* 1 S* 1 S
Brefeldin A effect 1 1* 1 1

Golgi stack No. of cisternae 1 ca. 6 1 4–6 (15–30 for
Euglena spp.)

1 3–4 1 2–3 1 5–20 1 3–5 (mammals)

Golgi proteins Glycosyltransferases 1 B 1 B, S 1 B 1 B* 1 B, S
Other 1 S 1 B, S
NBD-ceramide
labelling

1 1* 1

trans-Golgi network Ultrastructure 1 1 1 1
Monensin effect 1 1 1 1

Coated vesicles COPI ARF 2 2 1 U ARF* ARF, coatomer
COPII SAR*, sec12* SAR, sec12, sec13,

sec31, etc.
Clathrin 1 U 1 B, U Clathrin (h) 1 U 1 B, U Clathrin (11h),

adaptins

rab proteins No. of different rab
proteins

1 9 1 1 5 1 6 1 ca. 30

Fusion machinery Characterized
components

1 B 1 B* SNAREs, SNAPs,
NSF

a B, biochemical evidence; S, structural evidence; U, ultrastructural evidence.
b *, found in Plasmodium species.
c *, found in higher plants.
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biosynthesis of membrane proteins and membrane lipids, and
attachment of the single chromosome to a membrane, are
associated with the plasma membrane. In contrast, in eu-
karyotes, these processes are associated with the nuclear/ER
membrane system, whereas the plasma membrane serves other
functions (e.g., exo- and endocytosis).
The nuclear/ER membrane system and the eukaryotic

plasma membrane have different compositions in terms of
their protein and lipid constituents. The nuclear/ER mem-
brane system is composed mainly of phospholipids (as is the
plasma membrane of eubacteria), whereas the plasma mem-
brane of eukaryotes contains large amounts of sterols and
glycolipids (180, 320). These differences probably reflect adap-
tations of the lipid composition of membranes for their differ-
ent functions and may be important in relation to the evolution
of the endomembrane system.
The following scenario can be envisaged. Removal of certain

functions from the plasma membrane during evolution facili-
tated adaptation of this membrane to other processes (e.g.,
exo- and endocytosis). Since biogenesis of membrane proteins
and lipids is restricted to the ER-type membrane, separation of
these membrane domains required the evolution of a transfer
system for proteins and membrane lipids between the nucle-
ar/ER system and the plasma membrane. A two-step model for
the evolution of the endomembrane system is presented in Fig.
11.
Extant eukaryotic cells use mainly retrieval systems for tar-

geting proteins within the secretory pathway (see the section
on protein targeting), which involves cycling of proteins be-
tween two adjacent membrane compartments. This might be a
key to understanding the evolution of a Golgi compartment.
Complete biochemical individuality between two membrane
systems (i.e., nuclear/ER and plasma membrane) is not possi-
ble when direct vesicular transport between them is occurring
and when protein retrieval is the major protein-targeting
mechanism. An additional compartment intercalated between
the ER and the plasma membrane would also help to maintain
different lipid compositions. Whether the lipid composition of
the plasma membrane is defined in the secretory pathway (with
a gradient from ER to the plasma membrane) or in the endo-
cytotic pathway is currently debated (e.g., transport of glucosyl-
ceramide to the plasma membrane from the GA [11] or
through a non-GA pathway [323] (for reviews, see references
4, 37, and 320). However, recent results indicate that at least
the ratio between phosphatidylinositol and phosphatidylcho-
line is altered in the outer membrane leaflet of a Golgi cisterna
by cytosolic phosphatidylinositol transfer protein (yeast Sec14
[79, 230]). This process is essential for Golgi function (see the
detailed discussion on the role of Sec14 in reference 293). In
addition, ARF stimulates phospholipase D (34, 171), which
hydrolyzes phosphatidylcholine and might help to alter the
lipid composition in the GA. The current models of endomem-
brane evolution (Fig. 11) (52, 53, 73) assume a sequential
evolution of vesicular transport steps. Therefore, it is most
likely that all vesicular transport systems had a common origin.
This is most obvious for COPI and clathrin-coated vesicles:
b-COP and b-adaptin are homologous proteins (93, 273, 281),
as are z-COP and AP17/AP19 (273). The binding of coatamer
and AP1 depend on ARF (232, 298, 312). In addition, an ER
retrieval signal related to the tyrosine containing endocytosis
signal (200) and an endocytosis signal related to the ER re-
trieval signal (KKXX) (164) were recently found. In contrast,
no obvious homologies between COPII and any other coated-
vesicle type was found. However, the formation of vesicles is
similar: as for clathrin and COPI, a small ARF-like GTP-
binding protein must be activated prior to binding of the coat

proteins of COPII to the membrane. In addition, two of the
coat proteins of COPII show the WD amino acid sequence
motifs, which are also present in COPI proteins (273). Thus, it
seems most likely that all characterized coated vesicle types
evolved from a common ancestor.
Once a Golgi-like compartment was formed, the various

protist groups and their descendants optimized this basic sys-
tem for their own requirements. This would also explain the
variability of the GA observed. The GA can be adapted to very
different cellular environments. A interesting example is the
transport of nucleus-encoded plastidic proteins to the plastids
by using the secretory pathway. The plastids of euglenoids
possess three envelope membranes (127). Nucleus-encoded
plastidic proteins carry unusual N-terminal extensions, with
homology to the signal sequences of proteins targeted to the
ER (55, 283). The 26.5-kDa LHCP II apoprotein of Euglena
gracilis was localized to the GA by immunogold techniques
(236, 237). Recently, protein transport to the plastids via the
ER and Golgi was also demonstrated in a biochemical trans-
port assay (301), indicating that the secretory pathway in E.
gracilis is involved in protein transport into plastids.

FIG. 11. Evolution of the secretory pathway showing hypothetical steps in
the evolution of a primitive endomembrane system. E type membrane, mem-
brane consisting of phospholipids; P type membrane, membrane consisting of
phospholipids and large amounts of sterols and glycolipids.
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226. Noguchi, T., and D. J. Morré. 1991. Vesicular membrane transfer between
endoplasmic reticulum and Golgi apparatus of a green alga, Micrasterias
americana. A 168C block and reconstitution in a cell-free system. Proto-
plasma 162:128–139.

227. Novick, P., and P. Brennwald. 1993. Friends and family: the role of the Rab
GTPases in vesicular traffic. Cell 75:597–601.

228. O’Halloran, T. J., and R. G. W. Anderson. 1992. Characterization of the
clathrin heavy chain from Dictyostelium discoideum. DNA Cell Biol. 11:
321–330.

229. Ogun, S. A., and A. A. Holder. 1994. Plasmodium yoelii: brefeldin A-sensi-
tive processing of proteins targeted to the rhoptries. Exp. Parasitol. 79:270–
278.

230. Ohashi, M., K. J. de Vries, R. Frank, G. Snoek, V. Bankaitis, K. Wirtz, and
W. B. Huttner. 1995. A role for phosphatidylinositol transfer protein in
secretory vesicle formation. Nature (London) 377:544–547.

231. Ohno, H., J. Stewart, M.-C. Furnier, H. Bosshart, I. Rhee, S. Miyatake, T.
Saito, A. Gallusser, T. Kirchhausen, and J. S. Bonifacino. 1995. Interaction
of the tyrosine-based signals with clathrin-associated proteins. Science 269:
1872–1874.

232. Orci, L., D. J. Palmer, M. Amherdt, and J. E. Rothman. 1993. Coated
vesicle assembly in the Golgi requires only coatomer and ARF proteins
from the cytosol. Nature (London) 364:732–734.

233. Orci, L., D. J. Palmer, M. Ravazzola, A. Perrelet, M. Amherdt, and J. E.
Rothman. 1993. Budding from Golgi membranes requires the coatomer
complex of non-clathrin coat proteins. Nature (London) 362:648–652.

234. Orci, L., M. Tagaya, M. Amherdt, A. Perrelet, J. G. Donaldson, J. Lippin-
cott-Schwartz, R. D. Klausner, and J. E. Rothman. 1991. Brefeldin A, a
drug that blocks secretion, prevents the assembly of non-clathrin-coated
buds on Golgi cisternae. Cell 64:1183–1195.

235. Orias, E., M. Flacks, and B. H. Satir. 1983. Isolation and ultrastructural
characterization of secretory mutants of Tetrahymena. J. Cell Sci. 64:49–67.

236. Osafune, T., J. A. Schiff, and E. Hase. 1990. Immunogold localization of
LHCP II apoprotein in the Golgi of Euglena. Cell Struct. Funct. 15:99–105.

237. Osafune, T., J. A. Schiff, and E. Hase. 1991. Stage-dependent localization of
LHCP II apoprotein in the Golgi of synchronized cells of Euglena gracilis by
immunogold electron microscopy. Exp. Cell Res. 193:320–330.

238. Ossig, R., W. Laufer, H. D. Schmitt, and D. Gallwitz. 1995. Functionality
and specific membrane localization of transport GTPases carrying C-ter-
minal membrane anchors of synaptobrevin-like proteins. EMBO J. 14:
3645–3653.

239. Padh, H., J. Ha, M. Lavasa, and T. L. Steck. 1993. A post-lysosomal
compartment in Dictyostelium discoideum. J. Biol. Chem. 268:6742–6747.

240. Paquet, M. R., S. R. Pfeffer, J. D. Burczak, B. S. Glick, and J. E. Rothman.
1986. Components responsible for transport between successive Golgi cis-
ternae are highly conserved in evolution. J. Biol. Chem. 261:4367–4370.

241. Parodi, A. J. 1993. N-Glycosylation in trypanosomatid protozoa. Glycobi-
ology 3:193–199.

242. Pearse, B. M. F., and M. S. Robinson. 1990. Clathrin, adaptors, and sorting.
Annu. Rev. Cell Biol. 6:151–171.

243. Peck, R. K. Personal communication.
244. Peck, R. K., B. Swiderski, and A.-M. Tourmel. 1993. Secretory organelle

biogenesis: trichocyst formation in a ciliated protozoan. Biol. Cell 77:277–
287.

245. Pelham, H. R. B. 1995. Sorting and retrieval between the endoplasmic
reticulum and the Golgi apparatus. Curr. Opin. Cell Biol. 7:530–535.

246. Peterson, J. B. 1991. Small GTP-binding proteins associated with secretory
vesicles of Paramecium. J. Protozool. 38:495–501.

247. Pfeffer, S. R. 1994. Rab GTPases: master regulators of membrane traffick-
ing. Curr. Opin. Cell Biol. 6:522–526.

248. Pingel, S., and M. Duszenko. 1992. Identification of two distinct galacto-
syltransferase activities acting on the variant surface glycoprotein of
Trypanosoma brucei. Biochem. J. 283:479–485.

249. Piper, R. C., X. Xu, D. G. Russell, B. M. Little, and S. M. Landfear. 1995.
Differential targeting of two glucose transporters from Leishmania enriettii
is mediated by an NH2-terminal domain. J. Cell Biol. 128:499–508.

250. Plattner, H. 1993. Membrane traffic in protozoa. Adv. Cell Mol. Biol.
Membr. 2:1.

251. Plattner, H., C. J. Lumpert, G. Knoll, R. Kissmehl, B. Höhne, M. Mo-
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